ABSTRACT: D ispersal has profound influences on population dynam ics and is a key process m ain taining spatial and tem poral patterns. For m any benthic m arine invertebrates dispersal occurs pri m arily during the planktonic larval stages. It is now w idely recognised th a t post-larval and juvenile stages of benthic in v erteb rate species can also exhibit high rates of dispersal. In particular, post-settlem ent dispersal has b een d em onstrated for m any bivalve species. D espite this appreciation, no studies to d ate have analysed th e direct dispersal rates and the spatial distribution of dispersing indi viduals in situ. We u sed a fluorescent stain for m arking bivalves in vivo and a m ark-and-recapture m ethodology to investigate dispersal p atterns of post-larval and juvenile bivalves on a sandflat. W ave-induced energy dissipation on the seafloor w as m easured using a DOBIE w ave gauge. Tracer sedim ent an d bedload transport w as u sed as a tem plate for bivalve m ovem ent. The experim ent w as conducted over a short-tim e span (60 h) and encom passed spatial scales relevant to m any sam pling designs an d m anipulative experim ents. O ur results show th at juvenile bivalves dispersed over scales of m eters w ithin one tidal cycle. M odelling the half-life of juvenile bivalve retention using radioactive decay equations provided insight into the local persistence of individuals. T hese m odels indicate a 50% turnover w ithin an a rea of 0.25 m2 for post-larval (<1 mm) bivalves w ithin the first 17.4 h, w h ereas juvenile (1-4 mm) bivalves persist longer w ith a 50 % turnover after 31.5 h. C onsidering the very calm hydrodynam ic conditions during the experim ent, these dispersal rates are rem arkable. Bivalve dispersal w as decoupled from sedim ent bedload transport, illustrating the im portance of active dispersal behaviour u n d e r the prevailing hydrodynam ic conditions. O ur results suggest th at dispersal is potentially m ore im portant th an m ortality for the population dynam ics of juvenile bivalves over small and m eso spatial-tim e scales. 
INTRODUCTION
D ispersal is an intrinsic characteristic of all o rg an isms an d has profound influences on th e dynam ics of populations (Hamilton & M ay 1977 , Palm er et al. 1996 . The ability to disperse an d escape from n atu ral long term environm ental changes is crucial to th e very p e r sistence of species on m icro-evolutionary tim e-scales (Holt 1990) . Dispersal has bro ad im plications in most fields of ecology (e.g. K areiva 1986, W iens et al. 1993 , * E-mail: a.norkko@ niwa.cri.nz Ims 1995) and has b e en described as the glue that keeps local populations to g ether in a m etapopulation (H ansson 1991) . As pointed out by Dayton (1994) dis persal em erges as a key process m aintaining spatial and tem poral structure and as a unifying elem ent of all levels of ecological organisation. For m any benthic m arine invertebrates extensive dispersal is considered to occur prim arily during the planktonic larval stages, especially w hen large distances are concerned (e.g. Strathm ann 1974 , Jablonski 1986 , Scheltem a 1986 , w h ereas dispersal during the post-settlem ent juvenile and adult stages has b e en believed to be less im por tant. In soft sedim ent systems, bivalves and poly-chaetes are commonly num erical dom inants b u t often th e potential for em igration after prim ary settlem ent is ignored. As pointed out by A rm onies (1994a), it is often assum ed th at local declines in population densities (i.e. over scales of sam pling an d experim ents) m ay be ascribed to mortality, rath er th a n to em igration. This static view of benthic invertebrates has for a long time b e e n countered by observations th at these anim als exhibit reg u lar tidal m igrations (e.g. Ansell 1983 , M cLachlan 1983 , Reise 1985 , B eukem a 1993 . Spatfall does not necessarily term inate mobility of post-larval an d juvenile stages of benthic in v erteb rate fauna. In particular, post-settlem ent dispersal has b e e n dem on strated for m any bivalve species (Baggerm an 1953 , Butm an 1987 , B eukem a & de Vlas 1989 , Armonies 1992 , 1994a ,b, G ünther 1992 , Cum m ings et al. 1995 , Commito et al. 1995a ,b, Roegner et al. 1995 , Jaklin & G ünther 1996 , H ew itt et al. 1997a ) over scales of 1 to IO4 m (Beukem a & de Vlas 1989) . In fact, some b i valves, such as the ovoviviparous bivalve G em m a gem m a, lack free sw im m ing larvae altogether and only disperse as juveniles an d adults (Commito et al. 1995b) .
Intertidal sandflats, w ith high rates of sedim ent transport g en erated via th e interacting tidal currents an d w ind w aves, are dynam ic environm ents for sur face an d near-surface dw elling juveniles. C onse quently, the dispersal of post-settlem ent bivalves has b e e n found to occur both entirely passively, associated w ith sedim ent bedlo ad transport (Emerson & G rant 1991 , Commito et al. 1995a , T urner et al. 1997 , and actively, through byssus-drifting in th e w ater column (Sigurdsson et al. 1976 , B eukem a & de Vlas 1989 , M ar tel & C hia 1991 , A rm onies 1992 , C um m ings et al. 1993 , 1995 , Bonsdorff et al. 1995 . P ost-settlem ent dispersai has im portant im plications as it allows individuals to (1) m ove into areas m ore suitable for their successful developm ent and grow th (sensu Pulliam 1988 , Beu kem a 1993 , (2) escape adverse local conditions (Frid 1989 , Pridm ore et al. 1991 ) an d (3) recolonise disturbed areas (Bonsdorff 1983 , Savidge & T aghon 1988 , Smith & Brum sickle 1989 , G ünther 1992 , T hrush et al. 1992 , W hitlatch et al. 1998 , B eukem a et al. 1999 . B ecause of th e high m obility of m any benthic invertebrates, it is ex pected (or possible) th at sm all-scale distribution p a t terns are dynam ic an d som etim es change on a daily or tidal basis. M ovem ents over different tem poral and spatial scales cause individuals to differ in both the biotic interactions and resource-levels they experi ence. Local inter-an d intra-specific interactions are likely to play a lesser role w h en dispersal rates are high (Kotliar & W iens 1990 , Schneider et al. 1997 , T hrush et al. 2000 .
In m arine systems, very few quantitative studies have b e e n conducted on either rates of dispersal or the spatial and tem poral scales over w hich juvenile a n i m als m ove (H oward 1985) and, in m arine soft sed i m ents in particular, the role of dispersal in patch dy nam ics rem ains poorly understood (Commito et al. 1995a) . To a large extent this is due to the small and cryptic n atu re of m ost juvenile benthic invertebrates, w hich m akes them difficult to study. H ence, p atterns of dispersal are generally inferred from studies on r e cruitm ent (e.g. Bonsdorff 1983 , Smith & Brumsickle 1989 , G ünther 1992 , T hrush et al. 1996 , overall disper sal rates and fluxes (e.g. Commito et al. 1995b , Turner et al. 1997 or spatial p atterns (e.g. A rm onies 1996, H ew itt et al. 1996, 1997) . T here are very few studies in w hich juvenile invertebrates have b een tracked directly in the field (see Levin 1990 for a review), and there have b ee n no attem pts to identify the m ovem ent of individuals. Thus, w hile w e often know w hich sp e cies move, and som etim es how they move, generally w e have little idea of how far, or the proportion of the local population they rep re sen t over space and time scales commonly exploited in sam pling soft sedim ent m acrofauna. Q uantitative studies on the dispersal of species are im perative if w e are to und erstan d the dynam ics of populations in tim e and space (Wiens et al. 1993 ) and in terpret recovery patterns after distur bances (Smith & Brumsickle 1989 , T hrush et al. 1996 , Shull 1997 , W hitlatch et al. 1998 . The objectives of this study w ere to directly assess the dispersal rates of m arked juvenile bivalves. We u sed a fluorescent stain to m ark bivalves in vivo and a m ark-and-recapture m ethod to investigate the dispersal p atterns of postlarval and juvenile bivalves. Bedload transport of sed i m ent at the site w as used as a tem plate for bivalve m ovem ent (Commito et al. 1995a (Commito et al. ,b, G rant et al. 1997 (Commito et al. , T urner et al. 1997 . In this p ap e r w e study the short term dispersal dynam ics occurring over small spatial scales (i.e. the scales at w hich m any field experim ents are conducted). We used displacem ent (percent leav ing an area) and diffusion rates (distance travelled or num bers reaching a certain distance over time), com bined w ith physical m easurem ents, to investigate the dispersal distance of bivalves and sedim ent, and com p a red our observations w ith predicted calculations of a random w alk model.
MATERIALS AND METHODS
Study site. This study w as conducted on an exposed intertidal sandflat off W iroa Island in M anukau H ar bour, N ew Z ealand (37° 0 1 .3 'S, 174° 4 9 .2 'E) from 12 to 14 February 1997 (Fig. 1) . The sandflat fauna is dom i n ated by bivalves, w ith the tellinid M acom ona liliana Iredale being the m ost common species (see Pridm ore et al. 1990 for a detailed description of the W iroa Island m acrobenthic community). The study site is situated at about m id-tide level, and is exposed to the p revail ing southw esterly winds, w hich produce w aves 10 to 30 cm in h eight and rew ork sedim ents to a d epth of 1 to 3 cm (Dolphin et al. 1995) , the depths w here juvenile bivalves reside. The harbour is m esotidal, having sem i diurnal tides w ith m ean n eap and spring tidal ranges of 2.0 and 3.4 m, respectively. The topographic fe a tures of this largely hom ogeneous sandflat include small ripples created by w aves and currents th at vary on a daily basis, but most typically have a w avelength of 3 to 10 cm and an am plitude of 0.5 to 1 cm (Dolphin et al. 1995) . During the sum m er months, the sedim ents are frequently disturbed by the eagle ray M yliobatis tenuicaudatus (Hector), w hich creates feeding pits 20 to 30 cm in diam eter and 10 to 15 cm deep. The surface sedim ents are com prised of 92 to 97 % sand (very well sorted sands; m ean grain size of 2.74(}) ± 0.12), 0 to 3% gravel (mainly shell hash) and 0.2 to 3.4% silts and clays (Bell et al. 1997) . At the site, tidal currents alone are not strong enough to exceed the critical threshold values for particle sedim ent en trainm ent but, in com bi nation w ith even small w ind waves, sedim ent transport is readily initiated on the sandflat (Bell et al. 1997) .
Staining of bivalves and sediment. Fluorescein (100 m g I-1 seaw ater) w as used to stain infauna. Stained individuals glow ed m ore brightly th an unstained ones w hen exam ined microscopically u n der an ultraviolet light. Prelim inary trials show ed that concentrations of 100 m g of fluorescein I-1 of seaw ater w ere sufficient to stain infauna. Trials w ere conducted in the laboratory over 6 d to test for any adverse effects of fluorescein as a m arking technique on behavioural characteristics (e.g. burrow ing and drifting) as well as on survivorship of juvenile bivalves. Trials w ere conducted in aquaria using sedim ent from the study site. No differences in behaviour or survivorship w ere detected.
Rocket red fluorescent pow der (Sterling Industrial Colours Ltd), w ith a dom inant w avelength in the em is sion spectrum of 614.2 nm, w as used to stain the sedi m ents. Sedim ent w as collected from the Wiroa san d flat, w ashed in freshw ater and dried. The appropriate quantities of dried sedim ent, rocket red pow der, laquer (adhesive) and thinners w ere m ixed using a T hrotnungler w hich consists of a rotating plastic drum w ith baffles and loose steel rollers on the inside, w hich stop the sedim ent grains from sticking together. The drum is rotated w ith hot air blow ing through it until the m ixture is dry. Stained sedim ents can be identified in the dark u n der a UV-light, thus m aking it possible to track stained sedim ents in the field at night. Experimental design. The experim ent w as d e signed to exam ine the dispersal of m arked ju v e nile bivalves com pared w ith th at of m arked sedi m ent particles. T hree 'biological' quadrats and 2 'sedim ent' quadrats w ere established in the mid intertidal area of the W iroa Island sandflat (Fig. 1) . All quadrats w ere sam pled on the first, third, and fifth low tide period following the se t up of the experim ent (after approxim ately 12, 36 and 60 h). These sam pling tim es are hereafter referred to as T l, T2 and T3, respectively. TO denotes the start of the experim ent. A DOBIE w ave gauge w as deployed to m easure w ave cli m ate and sedim ent bedload traps w ere deployed to m easure bedload transport. The experim ent w as conducted over a m ean spring tide. Inform a tion on tidal current velocities from the study site w ere obtained from Bell et al. (1997) . Wind data w ere collected from the adjacent A uckland Inter national A irport (see 'Results').
B iological quadrats: A m etal q u adrat (50 x 50 cm x 20 cm deep) w as pu sh ed 15 cm into the sedim ent so th at 5 cm protruded above the sedi m ent surface. The fauna presen t in each quadrat w as stained by pouring 4 1 of fluorescein (100 mg I-1 seaw ater) into the q u ad rat an d leaving it for about 3 h. The m etal q u ad rat w as rem oved ju st as th e flood ing tide reach ed it, an d a core sam ple (5 cm diam eter, 2 cm deep) w as tak en from one corner of th e quadrat (sam pling occasion = TO). T hree quad rats (BÍ to B3) w ere set out along a line parallel to th e shore 50 m ap art (Fig. le) .
S edim en t quadrats: A 50 x 50 cm area w as m arked an d excavated to 2 cm d ep th an d replaced w ith p re w etted rocket-red-dyed tracer sedim ent. Two sedi m ent q uadrats w ere established (SI an d S2) and each w as p aired w ith a biological q u ad rat (Fig. le) . for details on converting burst p ressu re data into estim ates of Ub). Since the tim e-averaged dissipation of w ave energy by b ed friction is proportional to Ub3 (Nielsen 1992), w e u sed Ub3 to characterize energy dis sipation by w aves at th e site. We characterized distur ban ce to th e seab ed by w aves as p ercen tag e of the total tim e w aves w ere p resen t at the site; average Ub3 (e.g., total Ub3 divided by num b er of bursts w hen w aves w ere present); m axim um Ub3 (m easured from a single burst) and the ratio m axim um :average Ub3. B edload traps: Five replicate bedload traps (4 cm diam eter, 50 cm deep) w ere deployed on each sam pling occasion during th e experim ent to d eterm ine the gross am ount of sedim ent m oving (see Commito et al. 1995b; Fig. le) . The traps w ere sam pled/deployed at th e sam e intervals as the biological sam ples, i.e. 12, 36 an d 60 h after the initiation of the experim ent. Any fauna collected in each trap w as rem oved an d the se d im ent oven-dried at 60°C for 48 h. Sedim ent transport rates w ere derived an d ex pressed as kg dry m ass n r 2 d_1 (Grant et al. 1997) .
Experimental sam pling and treatment of samples. The m axim um distance tracer sedim ent h a d m oved aw ay from each of th e sedim ent quad rats on each sam pling occasion w as d eterm ined at nig h t using a portable ultraviolet light. O ur staining technique w as highly efficient, and by careful observation even indi vidual fluorescing grains could be detected. The dis tance the sedim ent h ad dispersed w as m easured in 8 directions sep arated by 45° around each quadrat (Fig. le) .
Each qu ad rat and the surrounding a rea w ere sam pled quantitatively for bivalves and tracer sedim ents as follows: a core sam ple (5 cm diam eter, 2 cm deep) w as collected from inside the quadrat, from a different q u arter of the qu ad rat on each occasion. Core sam ples w ere also tak en from outside the qu ad rat in each of 4 directions at increasing distances (0.25, 0.50 and 1.0 m) from the qu ad rat edge (Fig. Id) . At T3, core sam ples w ere also obtained from the m axim um distance th at tracer sedim ent w as observed to have m oved from the paired sedim ent qu ad rat (see below). All core sam ples w ere frozen and kep t in the dark until they could be processed.
Biological cores w ere sieved on a 250 pm m esh, and the m aterial retain ed on the m esh w as sorted u n der a stereo m icroscope to rem ove all bivalves. Bivalves w ere th en identified and assigned to 1 of 2 size classes, viz. post-larval bivalves (<1 mm) and other juvenile bivalves (1-4 mm). For the purpose of doing speciesspecific analyses, w e also noted the abundances of the 2 most commonly found bivalve species on the sa n d flat, the tellinid M acom ona liliana Iredale and the venerid A u strovenus stutchburyi (Gray). The bivalves w ere th en exam ined for fluorescence u n d er UV excita tion (BP 450 to 490 nm excitation, LP 520 barrier filter, FT 510 dichrom atic beam splitter) using a Leica epifluorescence com pound light microscope.
The am ount of tracer sedim ent contained in each of the cores from in and around the sedim ent quadrats w as determ ined using a spectrophotom etric m ethod. The sedim ent w as rinsed in freshw ater and dried at 100°C for 6 h. The tracer w as extracted in pure a c e tone, and absorption m easured at 560 nm using a spec trophotom eter. After establishing a linear relationship betw een absorbed colour and the m ass of tracer sed i m ent, the sam ples w ere subsam pled for extraction of colour. This m ethod w orked w ell w ith the naturally w ell sorted and hom ogeneous sedim ents p rese n t at the study site, as the surface area (and therefore colour concentration) of the sand grains is reasonably consis tent. We could thus obtain a quantitative estim ate of dispersal of the tracer sedim ent by m easuring the colour concentration in the sedim ent sam ples. M easurements of bivalve and sedim ent fall velocity. (bivalves) w hich decay (are displaced) as a function of tim e t and k is the disintegration constant. Following this, the half-life of th e particle (bivalve) is 0 .6 9 /i. The data w ere constrained to fit w ithin the ran g e of the data w ith a total span of 100 an d a fixed p la te a u of 0, i.e. the function w as forced tow ards a 100% displacem ent of th e bivalves. From this fitting, th e disintegration con stant (i) an d estim ates of half-lives could be produced.
Based on rates of displacem ent, survivorship curves (m easuring the nu m b er of recap tu red bivalves) for post-larvae (<1 mm) and juveniles (1-4 mm) w ere com pared w ith a log-rank test (M antel-H aenzel test using th e program m e G raphP ad Prism 2.0). Patterns of bivalve an d sedim ent m ovem ent outside the quadrats w ere com pared using chi-square tests (Zar 1984) . Af ter testing for norm ality an d hom ogeneity of variances, bivalve densities in the experim ental plots over time w ere analysed using a non-param etric Kruskal-Wallis. All d ata are p resen ted as th e m ean ± stan d ard error. A random w alk m odel (Okubo 1980) w as used to predict dispersal by the bivalves. Diffusion rates w ere calcu lated for the <1 mm, th e 1 -4 m m size-class bivalves, an d all bivalves <4 mm, assum ing th e num ber of b i valves leaving the stained quad rats over tim e followed a norm al distribution w ith a m ean of 0 an d a standard deviation equal to o 2f (w here o2 = diffusion rate in cm I t 1 and t = tim e in h). A diffusion rate w as calculated for th e 12, 36 an d 60 h tim e periods an d th en averaged. This diffusion rate w as th en u sed to calculate the m ean tim e tak en for a particle executing ordinary Brownian m otion to reach 25, 50, 100, 200 and 500 cm (e.g. cross ing time) using the following formula.
C rossing tim e = a 2/o 2 (2) w h ere a = distance.This crossing tim e w as th en con v erted into tidal cycles by dividing by the im m ersion time. M edian distances th at should be travelled by the bivalves over the sam pling tim es w ere also predicted using P(Y(t)<y) = 2 < 5 (^L ) -1 = 0.5 oVf w h ere y = m edian distance travelled in tim e t and <t> = cum ulative distribution function of the standard n o r m al distribution.
RESULTS

Hydrodynamic conditions and sedim ent transport
Wind data are presented only for the time period w hen the study site w as im m ersed. Total im m ersion tim e over the 60 h study period w as 21.5 h, or approxim ately 36 % of the time. M axim um w ater dep th decreased over time from 1.04 m over the first tidal cycle to 0.63 m over the last tidal cycle (Table 1) . Overall, w eath er conditions w ere calm during the study period. Over the 12 h period after initiation of the experim ent (Tl), light w esterly w inds averaging 6.8 m s_1 dom inated and produced only small w aves w ith maxim um significant w ave heights of 0.15 m, an average significant w ave height of 0.11 m and an average w ave period of 2.1 s (Table 1) . Over the n ext 24 h (T2), very calm conditions prevailed w ith only light w inds and no w aves. W inds increased again d u r ing the latter half of the last 24 h period (T3) to speeds similar to those in T l, w ith light w inds from the WSW. O ver the last 24 h period, the w ave climate m atched that of T l . D espite these relatively calm w ea th er conditions, substantial gross bedload sedim ent transport w as r e corded using the bedload traps in the tim e-periods w h en w aves w ere presen t (i.e. T l andT 3; Table 1 ). This further underlines the im portance of w ind w aves in triggering sedim ent transport. Tidal currents at the study site only reach a m axim um of 22 cm s_1 at 0.3 m above the b ed during spring-tide ebb flows (Bell et al. 1997 ). The critical threshold b ed shear velocities (u.cr) for the fine sand (grain size = 150 pm) found at the study site ran g e from 1.12 (Miller et al. 1977 ) to 1.22 cm s_1 (van Rijn 1993). According to Bell et al. (1997) , these threshold values convert to a dep th -av erag ed current velocity of 28 to 30 cm s_1 at 1 m depth. Tidal currents at the study site are always less than this and therefore fail to entrain m aterial from the b e d in the absence of w ind waves. M edian w ave heights in the a rea are 0.09 m, w ell ex ceeding the h eight necessary to induce initial motion of bottom sedim ents (i.e. > 0.06 m), hence the sedim ents are frequently m obilised by w aves and transported by cu r rents (Dolphin et al. 1995 , Bell et al. 1997 . Visual detection of tracer sedim ent at night-tim e show ed th at the average m axim um spread aw ay from the q u ad rat edge w as 135 cm over the first 12 h (Tl), increased slightly to 153 cm over the second 24 h period (T2) and increased considerably to 235 cm over the last 24 h period (T3). This p atte rn m atched the physical regim e and the p atte rn of sedim ent bedload transport (Table 1) . Visual observations and chi-square tests of the distribution p attern of sedim ents did not indicate any directional transport of sedim ents for either q u ad rat on any sam pling date. D ata from sedi m ent quadrats SI and S3 (Fig. lc,e ) w ere therefore averaged over each direction for each sam pling time (Fig. 2) . N et sedim ent-diffusion rates (calculated on observed spread) w ere low, ranging b etw een 3.4 and 11.2 cm h-1 over the study period. This is in contrast to the high bedload transport m easured using the traps. It is therefore a p p aren t that sedim ent is m oved back and forth over each tidal cycle w ith little net directional transport.
Tracer sedim ent concentrations along the 4 different axes over tim e are expressed as absorbance (À) g_1 of sedim ent, thus reflecting the am ount of tracer sedi m ent p resen t in each core sam ple. C hi-square analysis of absorbance along each axis (direction) over tim e did not reveal any specific directional transport or diffu sion of tracer sedim ent (i.e. th ere w as no net-transport in any given direction), and chi-square values w ere low, ranging betw een 0.061 and 1.498 in T l and T2 (%2 -crit.p = 0.05 = 5.991). Similarly at T3, values ran g ed b etw een 0.120 and 1.466 (%2 -crit.p = 0 .05 = 7.815), show ing a lack of p attern for transport in any given direction. The d ata from the 4 different directions w ere therefore pooled w ith increasing distance from the quadrat, i.e. at the fixed sam pling distances 25, 50 and 100 cm. On the last occasion (T3), the m axim um observed average distance w as also sam pled. The m ean distance sedim ent w as observed to disperse w as 243 ± 62 cm at T3 ( Fig. 2 ; min: 165 cm; max: 345 cm). Successively low er concentrations w ere re corded w ith increasing distance from the q uadrat (Fig. 3 ). This p a tte rn w as significant at T2 and T3 (linear regression; r2 = 0.321, p = 0.0039 and r2 = 0.238, p = 0.0046 for T2 an d T3, respectively). Fig. 3 also shows a h ig h er relative absorbance recorded at 25 cm on the second sam pling occasion (T2); possibly b e cause very low rates of sedim ent transport over this tim e-period resulted in a h ig h er concentration of tracer sedim ent being retained in the proximity of the quadrat.
Bivalve density/biological quadrats
A total of 7 juvenile bivalve species w ere collected: M acom ona liliana, A ustro ven u s stutchburyi, Hiatula (Table 2) . Densities within the quadrats w ere similar to those recorded outside the ex perim ental quadrats (pooled data of all samples; 3600), indicating low disturbance by the set-up of the experi ment. Not enough individuals of M acom ona and A u s trovenus w ere collected in sam ples inside the biological quadrats to allow for a species-specific analysis of diffu sion rates. All bivalve species from inside the quadrats w ere therefore pooled and sep arated into post-larvae (<1 mm) and juveniles (1-4 mm). However, because of the higher num ber of sam ples tak en outside, enough bivalves w ere collected for a species-specific analyses of dispersal patterns.
Displacement and diffusion rates of juvenile bivalves from experimental plots
Based on previous experiences of the dynam ic W iroa Island sandflat, high rates of dispersal of the juvenile bivalves w ere expected. We predicted that dispersal of juvenile bivalves <4 mm w ould be age and sizedependent. This w as confirm ed by the fall velocity m easurem ents of bivalves and of sand. Fall velocities increased w ith bivalve size in all cases, and m easu re m ents also show ed differences b etw een species of bivalve (Table 3) . G iven the slower fall velocities of sm aller size classes, post-larval bivalves (<1 mm) could be expected to exhibit h igher dispersal rates th an the slightly larg er 'juveniles' (1-4 mm). D espite the calm w eath er conditions over the tim e of the experim ent (Table 1) , high displacem ent rates w ere recorded (Fig. 4) . D ifferences in displacem ent rates of the 2 size-classes as a function of tim e w ere tested using a log-rank test for com parisons of survival curves (Table 4) . No significant differences (p < 0.05) w ere detected b etw een the proportion of stained post larvae and juveniles (M antel-H anzel test; one-tailed p-value = 0.0720, %2 = 2.156), although a tenden cy for higher 'survivorship' (i.e. less displacem ent) of 1-4 mm bivalves w as indicated (Table 4 ). The data for the <1 mm and 1-4 mm size-classes, and the total num ber of bivalves (<4 mm), w ere fitted to a non-linear e q u a tion of a one-phase exponential decay in order to describe the gradual displacem ent of bivalves inside the experim ental plots. D espite some variability (i.e. goodness of fit: r2 = 0.5335 to 0.8150) and few data points over time, the fit converged on a best-fit curve for all size-classes (Table 4, Fig. 4 ). The <1 mm b i valves had an estim ated half-life of 17.4 h, w hereas 1-4 mm bivalve displacem ent rates w ere considerably slower, w ith half-lives of 31.5 h (Table 4) .
We estim ated diffusion coefficients from the m arkrecapture data by m easuring the rate of displacem ent from the quadrats. This w as done after the analysis show ing th ere w as no transport of bivalves in any sp e cific direction (see next paragraph).
Using sim ple diffusion models, such as random -w alk m odelling, w e can m ake predictions on how far b i valves travel after being displaced. T hese diffusion rates w ere calculated using displacem ent rates w ithin the quadrats. Estim ated diffusion rates w ere 21 cm h-1 for <1 mm post larvae and 12 cm h-1 for 1-4 mm ju v e niles (Table 5 ). Based on these diffusion rates w e p re dicted th at <1 mm bivalves w ould travel/disperse (i.e. crossing times) b etw een 50 and 100 cm w ithin one tidal cycle and 500 cm w ithin 24 d (predicted for the first arriving individuals). C orresponding values for the larger juvenile bivalves w ould be betw een 25 and 50 cm w ithin 1 tidal cycle, w hereas 500 cm w ould be reached in 73 d (1736 h; Table 5 ). Expressed as the m edian distance travelled, post-larvae w ould reach 49 cm and juveniles 28 cm w ithin the first tidal cycle (Table 5) .
Observed bivalve dispersal and comparisons with sediments
The dispersal of bivalves w as m onitored along 4 orthogonal axes stretching out from each of the 3 quadrats (Fig. Id) . As noted for the tracer sedim ent, no directional m ovem ent w as recorded. Thus the 4 differ ent axes w ere pooled as 1 replicate for each q u adrat on each sam pling date. No consistent patterns of disper sal w ere detected for <1 mm bivalves. The num ber of recap tu red individuals w as low in this size-class, and on average betw een 1 and 5 individuals w ere re ca p tu red at each point along the sam pled gradient (Fig. 5) . No clear tren d w as detected, w ith <1 mm bivalves occurring evenly along the w hole gradient, indicating dispersal beyond the sam pled gradient w ithin the first tidal cycle. The distributional p atterns of post-larvae and sedim ent w ere significantly different over the w hole study period (Table 6 ). Significant changes also occurred in the distributional p attern of <1 mm bivalves over time: T2 w as significantly different from T l (%2 = 7.71, p < 0.05) and T3 (%2 = 17.51, p < 0.001), w hereas no significant differences w ere recorded betw een T l and T3. A lthough differences w ere recorded in how bivalves and sedim ent w ere dispersed along the sam pled g radient at different times, no con sistent p a tte rn could be detected. The predictions from the random w alk m odelling appreciably und erestim ated the distance m oved w hen com paring w ith our observed d ata (cf. Fig. 5 ). Random w alk m odelling pred icted the first arrivals w ould reach 100 cm from the experim ental plot only after 23 h and th at the m edian distances travelled w ould be 49 cm w ithin T l, and 109 cm w ithin T3. The num ber of 1-4 mm bivalves re ca p tu red along the gradient w as also low, w ith an average of only about 1 to 2 indi viduals recap tu red along the sam pled gradient at any tim e (Fig. 5) . The distribu tional p a ttern along the gradient w as sig nificantly different th an the sedim ent, except at T2 (Table 6 ). This suggests that, in contrast to the <1 mm size-class, the 1-4 mm bivalves ap p ear to have lim ited mobility w hen the com bined w ave and current disturbances are w eak. H igher concentrations of tracer sedim ent w ere found close to the q u adrat at T2 after the period of calm w eath er conditions (and lim ited sedim ent transport), com pared to T l and T3 (Fig. 3) . The distributional p a t tern of 1-4 mm bivalves differed signifi cantly over time, w ith T2 differing from both T l {X2 = 27.74, p < 0.001), and T3 (%2 = 17.58, p < 0.001; Table 6 ). As noted for the sm aller post-larvae (<1 mm), no consistent p attern in the distribution along the gradient w as detected for the 1-4 mm bivalves.
Sufficient num bers of M acom ona liliana and A u stro venus stutchburyi w ere found outside the quadrats to allow for species-specific com parisons of the distribu tion of bivalves and sedim ent. Low num bers of both species w ere recap tu red along the sam pled gradient (Fig. 6 ). On average, 1 to 3 M. liliana individuals and 1 to 2 A. stutchburyi individuals w ere recap tu red (Fig. 6 ). The distribution of M. liliana post-larvae and juveniles w as significantly different from the sedim ent at T l and T3, but not at T2 (Table 6 ). This w as in con trast w ith the results w h en all post-larvae (<1 mm), irrespective of species, w ere treated to g eth er (Table 6 ). The distribution of A. stutchburyi w as significantly dif ferent from the sedim ent at all times, except for ju v e niles at T l (Table 6) .
DISCUSSION
O ur results show th at juvenile bivalves dispersed over scales of m eters w ithin one tidal cycle. M odelling the half-life of juvenile bivalve retention w ithin the 0.25 m 2 experim ental plots, using radioactive decay equations, provided insight into the local persistence of individuals. T hese m odels indicate th at for post-larval (<1 mm) bivalves 50% of the individuals p resen t at the initiation of the experim ent will be lost from the plot w ithin the first 17.4 h (Fig. 4) . Juvenile (1-4 mm) bivalves persist longer w ith 50% of the individuals presen t at the start of the experim ent resid en t in the experim ental plots up to 31.5 h after the initiation of the experim ent. For all bivalves (<4 mm) the estim ated half-life of residence w ith the experim ental plot is 24.8 h. T hese radioactive decay m odels assum e a m onotonie d ecrease in the density of bivalves resident in the experim ental plots at the start of the experim ent. However, displacem ent of the juvenile bivalves only occurs w hen the site is im m ersed (35% of time) and thus the potential for dispersal is even g reater th an it ap pears at first glance. As rates of dispersal will be m arkedly influenced by the day-to-day variations in hydrodynam ic conditions on the sandflat, this analysis provides new insight into the transitory n ature of indi viduals occurring at a given point in tim e on the san d flat and the size-dependence of dispersal.
The dynamic sandflat environment
A lthough the intertidal sandflats of the M anukau H arbour rep resen t a dynam ic sedim entary environ m ent, this experim ent w as conducted during a calm period. The DOBIE w ave gauge allow ed us to describe accurately the w ave clim ate during the course of the experim ent. The largest w aves recorded by DOBIE w ere only 15 cm high w ith a period of 2.6 s. For most of the study, w aves ran g ed in height b etw een 3 and 11 cm (m edian wave). W aves of this size are commonly observed over m any sandflats, indicating that juvenile bivalves living near the sedim ent surface have to cope w ith an environm ent characterised by a fluid 3-dim en sional substrate. The potential for w aves to influence dispersion and displacem ent of juvenile bivalves on the sandflat is related to the interaction betw een small w aves and tidal currents. On this sandflat, p e ak tidal currents (maximum 22 cm s-1) are incapable of eroding bottom sedim ents, but w hen com bined w ith near-bed orbital currents g en erated by small w ind w aves (wave height >6 cm) particle transport is readily initiated (Bell et al. 1997 ). This interaction em phasises the im portance of w ave climate, as well as tidal flows, for both the physical and biological processes occurring on sandflats. Sedim ent bedload transport correspond ing to over 100 kg m-2 d-1 w as recorded on the first and third sam pling occasions, w hen w inds blew from the w est to southw est over the m axim um fetch for the study site. Virtually no sedim ent bedload transport w as recorded on the second sam pling occasion w hen w ind w aves w ere ab sen t (i.e. only 0.6 kg n r 2 cb1). By the end of th e experim ent tracer sedim ents h a d b een tra n s po rted a m axim um distance of 2.3 m from the plots, indicating low er n et rates of sedim ent m ovem ent than bivalve m ovem ent. No specific directional transport w as detected, rath er sedim ent a p p e a re d to diffuse evenly in all directions from the experim ental plots (Fig. 2) . The p a tte rn of sedim ent transport is a result of a com plex interaction b etw een wind, w aves, w ind-tide interactions an d tidally varying w ater depth. The in te r action of tidal an d w av e-g en erated currents, together w ith tran sien t particle resuspension, m eans th a t the residual direction of transport is highly d ep e n d en t on th e particular com bination of conditions th at occur in any given period.
Dispersal of bivalves-passive and active mechanisms
Previous studies of dispersal have m easu red gross population fluxes an d have not attem p ted to determ ine actual dispersal rates or distances m oved by individu als in th e field. The m ain reaso n for th e lack of studies on actual dispersal rates and p attern s is the crypsis of these anim als, w hich m akes their study difficult and arduous. The m ajority of these small bivalves are simi lar in size to th e sand grains on the sandflat (juvenile bivalves ran g e in size from 0.25 to 4 mm), and are therefore difficult to observe in situ. Further problem s arise due to their low abundances an d patchy distribu tion in space an d time. In our study these problem s, th e labour-intensive technique u sed and th e expected rap id diffusion of m arked bivalves m ean t th at replica tion an d sam ple distances w ere necessarily limited. The scale over w hich w e m easu red dispersal w as sm aller th an th at over w hich they actually moved. D espite these shortcom ings, and th e fact th at no clear dispersal p attern s w ere detected, w e feei th at the results have significant im plications as they both dem onstrate th e transient n atu re of juvenile bivalves on sandflats an d also point at the im portance of devel oping techniques th at facilitate the study of these m inute anim als.
The nu m b er of re-cap tu red bivalves outside the q u ad rat w as variable an d low (Fig. 5 ) partly due to their rap id turnover an d transport over the sandflat, and partly due to th e lim itations of our experim ental design an d the pow er of th e data. O ur results suggest th at both <1 mm post-larvae an d 1 -4 mm juveniles can disperse further th an 100 cm w ithin the first 12 h (Tl). By the end of the experim ent (60 h, T3) individuals w ere re cap tu red further th an 2 m aw ay from the experim ental plots. At T2 (36 h), the highest num bers of re-cap tu red 1-4 mm bivalve individuals w ere found closest to the qu ad rat (Fig. 5) , m atching the p attern of the sedim ents. A lthough the larger and heavier juvenile (1-4 mm) bivalves beh av ed m ore like passive particles, they still only m atched the dispersal p atte rn of the sedim ent at T2 w h en very little sedim ent transport occurred.
Generally, bivalve displacem ent from the experi m ental plots w as decoupled from sedim ent m ovem ent, suggesting a role for active dispersal behaviour. Large differences w ere recorded in fall velocities for different size-classes of bivalves, b u t they all had higher fall velocities com pared to th at of sand (Table 3) . Passive re-suspension of the lighter sedim ent particles should occur before th at of the bivalves, further supporting active dispersal in the m ovem ent of juvenile bivalves. However, the species-specific analyses of M acom ona liliana and A u strovenus stutchburyi em phasise differ ences in the dispersal ability of these 2 species. These observations are consistent w ith earlier studies th at inferred relative mobility from dynam ic spatial distrib utions (Hewitt et al. 1996 (Hewitt et al. , 1997a (Hewitt et al. , L egendre et al. 1997 ). The lack of evidence for directional m ovem ent by bivalves and sedim ents suggested th at bivalves m ight exhibit dispersal p atterns best explained by Brownian motion. However, predictions b ased on random w alk m odelling yielded underestim ates of the distances travelled by bivalves, suggesting th at using an average diffusion rate for these m odels w as inadequate. Irre spective of w h eth er dispersal is passive or active, net effects are likely to correlate w ith the hydrodynam ic regim e. For juvenile bivalves restricted to living near the sedim ent surface, passive dispersal m ust dom inate w h en boundary shear stresses are high. Em erson & G rant (1991) show ed a positive correlation betw een bedload transport and faunal dispersal. Juvenile bivalves cannot m aintain their position by burrow ing once sedim ent transport has b ee n initiated (Roegner et al. 1995) . Previous w ork in the M anukau has also illus trated the im portance of w ind w ave disturbance and bedload transport as factors affecting the dispersal of bivalves (Commito et al. 1995a , H ew itt et al. 1996 , 1997 , G rant et al. 1997 , Turner et al. 1997 . Commito et al. (1995b) dem onstrated bivalve m ovem ent to be po s itively correlated both to w ind conditions and w ater velocity, as w ell as sedim ent transport, b u t also found higher rates of bivalve m ovem ent (M. liliana) th a n ex pected, b ased on rates of sedim ent displacem ent. Turner et al. (1997) confirm ed these results, showing a w eak correlation betw een sedim ent transport and M . liliana dispersal (suggesting active dispersal b e haviour), b u t a strong relationship w ith A. stutchburyi dispersal. Thus the effects of the physical variables on dispersal and sub seq u en t observed faunal distribu tions are both size and species dependent.
Active post-settlem ent dispersal in some juvenile bivalves is aided by the alignm ent of the bivalve to the curren t an d by the production of thin m ucous threads th at en able them to be lifted from the sedim ent surface into the w ater colum n (Sigurdsson et al. 1976 , Butm an 1987 , Sörlin 1988 , B eukem a & de Vlas 1989 , Armonies 1992 , C um m ings et al. 1993 , 1995 . Byssus drifting facilitates the potential to disperse over large spatial scales, e.g. 1 to IO4 m (Beukem a & de Vlas 1989, A rm onies 1996). In th e tidal flat environm ent th ere is a continuous change in th e environm ental conditions an d in the inter-an d intra-specific interactions the bivalves experience. Active behavioural m echanism s for these m inute anim als m ay be trig g ered by cues operating at the scales of cm's (e.g. presen ce of adult conspecifics or biogeochem ical cues).
Implications for the study of sandflat ecology and for sam pling benthos
Recognising th e im portance of m obility and the potential for low persistence of individuals at specific locations (e.g. experim ental plots) has im portant im pli cations for our ability to study th e functioning of b e n thic com m unities. Spatial an d tem poral p atterns of populations m ay ap p ear persistent, w ith relatively sta ble population densities (Table 2) , b u t sim ultaneously involve a dynam ic com ponent of dispersal w ith a more or less continuous turnover of individuals w ithin the population (Fig. 4) . D isturbance/recovery processes are generally recog nised to play an im portant role in the ecology of soft bottom s (Haii et al. 1994) . Recovery p atterns are dep e n d e n t on the spatial scale of disturbance (Smith & Brum sickle 1989 , T hrush et al. 1996 , B eukem a et al. 1999 ) and can involve different types of colonists, lar val stages and post-settled juveniles an d adults. C on ceptual m odels typically dictate th at larval stages w ith good dispersal abilities will dom inate w h en the scales of disturbance are large, w h ereas post-larval stages have a m ore im portant role w h en scales of disturbance are small (G ünther 1992) an d w h en larvae are scarce (outside m ain larval recruitm ent periods). D eterm ining th e relative im portance of different types of colonists is essential, as dem ographic m odels indicate th at the rate of recolonisation by post-larval stages can have a p ro found influence on recovery rates (W hitlatch et al. 1998) . Thus, know ing th e rate and dispersal ability of post-larval m acrofauna is critical to predicting recov ery an d how this m ay vary w ith the spatial scale of dis turbance.
Dispersal m ight be m ore im portant th a n m ortality in th e population dynam ics of juvenile bivalves over small and meso spatial scales. Using scaling argum ents an d scope analysis of M acom ona liliana, Schneider et al. (1997) show ed th at kinem atic factors (e.g. dispersal)
will dom inate over dem ographic factors (e.g. recru it m ent or mortality) up to tem poral scales of m onths and spatial scales of 100s of m eters. However, correspond ing relationships for adults are on a tem poral scale of years and a spatial scales of m eters due to their less active dispersal. In spite of this, dispersal has not been studied as a factor driving local population and com m unity dynam ics (Palmer et al. 1996) . Local in terac tions such as predation or com petition m ight play an im portant role w h en dispersal rates are low (e.g. d u r ing low disturbance frequencies), b u t are likely to be overw helm ed by im m igration and em igration w hen dispersal is high (Frid & Tow nsend 1989 , Sih & W ooster 1994 , Palm er et al. 1996 . E nglund (1997) em phasised the im portance of carefully considering the m ovem ent potential of prey species over broad spatial scales and different habitats in order to gain a m echanistic u n d e r standing of predator-prey relationships, as post-settlem ent m igration m ay com pensate for local losses due to predation. A m etapopulation or source-sink dynam ics approach m ight be n ee d ed w hen turnover rates are high, as local populations m ay be open subunits w ithin a netw ork of patches connected through dispersal (Palmer et al. 1996) . Ecological theory suggests th a t as m ore mobile species interact w ith a larger landscape mosaic th an sedentary species (Milne 1992), highly mobile populations m ay be less sensitive to local sp a tial conditions (Kotliar & W iens 1990) . N evertheless, H ew itt et al. (1996, 1997a,b) dem onstrated persistence in spatial p atterns for M. liliana and A ustrovenus stutchburyi in the M anukau H arbour at a num ber of scales, even over periods w hen m ovem ent of individu als of both species w as recorded. Interactions of ju v e niles of both species w ith adult M. liliana have also consistently b een dem onstrated (Thrush et al. 1997 (Thrush et al. , 2000 . Thus, a m ore or less continuous displacem ent of individuals does not preclude local biological in te r actions from being dem onstrably im portant.
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